Abstract When the guinea-pig ventricular muscle was exposed to hypertonic solution, duration of the action potential (APD) initially increased and then progressively decreased. To inverstigate the mechanism underlying this phenomenon, the preparations were perfused with the hypertonic solution under various experimental conditions. At low stimulus rates (0.1-1/mm), the initial prolongation of APD was prominent while the later shortening of APD developed slowly, thereby suggesting that the effect of hypertonic solution on APD is dependent on the muscle activity. A pronounced shortening of APD occurred when the osmotic challenge was made at reduced [K]° (2 mM-K), at reduced [Na]° (50 %-Na), and at elevated [Ca]0 (5.4 mM-Ca). Lowering the temperature from 36 to 26-27°C nearly abolished the development of APD shortening. The resting potential and the maximum rate of rise (Vmax) of the action potential changed little even when APD was rapidly shortened during the osmotic challenge. Thus, the mechanism of APD shortening is thought to be independent of the factors determining the resting potential and Vmax. Mn ions (1-2 mM), verapamil (5-10 µM), and Ba ions (0.05-0.2 mM) had no effect on the hypertonicity-induced changes in APD. In partially depolarized preparations, hypertonic solution increased the duration of Ca-dependent slow action potentials without producing any parallel increase in their upstroke velocity. It is postulated that the initial prolongation of APD in response to hypertonicity is a direct result of cell dehydration. The later shortening of APD is probably derived from certain changes in the cell condition which developed secondarily to the cell dehydration. In these changes in APD, the slow Ca current seems to play a small role.
The action potential duration (APD) in cardiac muscle is markedly influenced by the tonicity of bathing solution. Shortening of the APD was noted in various cardiac tissues exposed to hypertonic solution (SPERELAKIS et a!.,1960; LITTLE and SLEATOR, 1969; HERMSMEYER et al., 1972; KAWATA et al., 1974) . BAILEY (1981) observed a prolongation of APD in canine Purkinje fibers immersed in hypertonic solution. In a preceding paper (EHARA and HASEGAWA, 1983) , the hypertonic solution was shown to have a dual action on APD in guinea-pig ventricular muscle, i.e., a prolonging effect that developed initially and a shortening one that developed later. Although these changes in APD are probably associated with the development of cell dehydration, the nature of the underlying mechanism is not clear. We examined the effects of hypertonic solutions on the guinea-pig ventricular muscle under various experimental conditions, in an attempt to obtain more information on the mechanism responsible for the hypertonicity-induced changes in APD. We found that certain changes in stimulus rate, external ionic composition, and temperature substantially modified the effects of the hypertonic solutions.
Preliminary accounts of this work have appeared in abstract form (EHARA, 1981; HASEGAWA and EHARA, 1982) .
METHODS
Thin papillary muscles or trabeculae dissected from the right ventricle of guinea-pig heart were used. The apparatus and general experimental procedure were the same as described elsewhere (EHARA and HASEGAWA, 1983) . The muscles were driven at the rate of 0.5 Hz, unless otherwise stated.
Normal Tyrode solution contained (mM) NaCI 132, KCl 4, NaHC03 12, NaH2P04 0.4, CaC121.8, MgC12 1 and glucose 10, and was saturated with 95 % 02 and 5 % C02. In low-and high-K Tyrode solutions, KCl was decreased to 2 mM or increased to 10 mM. Fifty %-Na Tyrode solution was prepared by replacing 72.2 mM NaCI with 144.4 mM sucrose. Low-Ca and high-Ca solutions contained 0.9 or 5.4 mM CaC12, respectively. Hypertonic solutions were prepared by adding 150 mM sucrose or 75 mM NaCI to the normal and the modified Tyrode solutions.
Most experiments were performed at 36.0±0.3°C. In some experiments, the temperature of the bathing solution was lowered to 26-27°C. The change of temperature in the recording chamber was accomplished within 2 min, as determined with a thermistor placed in the recording chamber.
The experiments on slow response action potentials were performed according to the procedure described elsewhere (EHARA and INAZAWA, 1980) . Briefly, the muscles were soaked in the depolarizing solution in which KCl was increased to 27 mM, and Ca-dependent slow action potentials were induced by the addition of 0.2 mM BaCl2. In this series of experiments, the driving frequency was 0.2 Hz.
APD was expressed as the values measured at 90 % repolarization level.
Verapamil (5-10 µM), MnC12 (1-2 mM), and BaCl2 some experiments.
(0.05-0.2 mM) were used in RESULTS Effect of stimulus frequency on the hypertonicity-induced changes in action potential
The preliminary experiments showed that the effect of hypertonicity on the action potential was not significantly influenced by the changes in stimulus rate over the range between 0.1 and 1 Hz (within the scatter of the data). However, reducing the stimulus rate to extremely low values (0.1-1/min) modified the effect of the hypertonic solution on the action potential duration (APD). The changes in the resting membrane potential and the maximum rate of rise ( Vmax) of the action potential during the osmotic challenge were similar, at high or low stimulus rates. Figure 1 shows the effect of sucrose-hypertonic solution on the action potential examined at low (1/min) and high (1 Hz) stimulus rates. At both rates, biphasic changes in APD developed during the perfusion with hypertonic solution (hypertonic perfusion), but the initial prolongation of APD was more pronounced at 1/mm n than at 1 Hz. In three muscles perfused with sucrose-hypertonic solution at the stimulus rate of 1/min, APD increased to a maximum of 138±6 (mean ± S.D.) of the control APD and declined to 127±8 % after a 30 min exposure to this solution. These values are considerably greater than those obtained in the muscles stimulated at 0.5 Hz (see Fig. 4 ). Similar dependence of the APD change on the stimulus rate was also observed in NaCI-hypertonic solution (two experiments). These results indicate that the muscle activity is one factor determining the APD change during hypertonic perfusion. This contrasts with the observation that the muscle activity has little influence on the development of myocardial dehydration during hypertonic perfusion (KOCH-WESER, 1963) .
As can be seen in the right of Fig. 1A , an APD prolongation occurred when the stimulus rate was suddenly decreased from 1 Hz to 1/mm n during the hypertonic perfusion, and the subsequent restoration of a high stimulus rate resulted in a rapid shortening of APD. However, the resting membrane potential and Vmag of the action potential did not show any marked dependence on the stimulus rate (Fig.  1B) . If the resting membrane potential and Vmax do reflect the K-and Na-gradient across the membrane, the above observation may indicate that the levels of [K]i and [Na]i are nearly independent of the stimulus rate, during the hypertonic perfusion. In addition, it should be noted that the rate-dependence of APD change was observed even after the muscle had already been treated with hypertonic solution for more than 30 min (Fig. IA) , during which time the tissue dehydration was probably completed (KOCH-WESER, 1963; DREIFUSS et al., 1966; KAWATA et al., 1974) .
Effect of external ion compositions on the hypertonicity-induced changes in action potential
The observation that the heart rate influenced the hypertonicity-induced changes in APD (Fig. 1) raises the possibility that the transmembrane or intracellular movement of certain ions involved in the muscle activity is one factor affecting the effect of hypertonicity on APD. Therefore, we examined the effect of hypertonic solution on APD at different external ion compositions. Figure 2 shows an experiment in which the muscle was exposed to sucrose-hypertonic solution while [K]0 was kept at 2 or 10 mM. At 2 mM [K]0, the hypertonic solution produced a monotonic shortening of APD ( Fig. 2A) , and the time course of this change was considerably rapid. In contrast, at 10 mM [K]0, the initial prolongation of APD was prominent and the later shortening of APD developed slowly (Fig. 2B ). In addition, Fig. 2A demonstrates that Vmax of the action potential decreased only slightly while APD was rapidly shortened. The associated changes in the resting membrane potential was also negligibly small. A pronounced shortening of APD in response to hypertonicity was also observed under the conditions of lowered [Na]o (50 %-Na) and elevated [Ca]0 (5.4 mM). Figure 3 shows the result of an experiment performed at lowered [Na]o. In these experiments, the muscles were first exposed to isotonic low-Na solution, and then to hypertonic low-Na solution. As can be seen in Fig. 3 , the hypertonic low-Na solution initially produced a slight prolongation of APD, but it caused a prominent shortening thereafter. The effects of sucrose-hypertonic solution on APD, which were examined under various ionic conditions, are summarized in was not examined since the Tyrode solution containing less than 0.45 mM Ca, per se, produced a progressive membrane depolarization and a shortening of APD (cf. TRITTHART et al., 1973) .
Thus, the APD change in response to hypertonicity was influenced by changes in the external ion compositions. Furthermore, it appears that there is a reciprocal relationship between the degree of the initial APD prolongation and that of the subsequent APD shortening: when the former was small, the latter was prominent, and vice versa, under all the conditions tested ( Figs. 1 and 4) . This raises the possiblity that the rate of development of the APD shortening influences the degree of the initial APD prolongation (see DISCUSSION). On the other hand, the changes in the resting membrane potential and Vmax of the action potential in response to hypertonicity showed little dependence on the external ion compositions tested (see Fig. 2 ).
Effect of temperature on the hypertonicity-induced changes in action potential
The APD shortening due to hypertonicity was markedly suppressed when the bath temperature was lowered. Figure 5 shows an experiment in which a muscle was exposed to NaCI-hypertonic solution at normal (36°C) or low (26°C) temperature. The change in APD during the hypertonic perfusion was biphasic when the temperature was normal. At 26°C, however, there was a prominent prolongation of APD but little or no shortening, though the basal APD measured under Na-deficient condition. APD is plotted against time. At time 0, the muscle was exposed to isotonic 50 %-Na solution. Subsequently, hypertonic 50 %-Na solution containing excess 150 mM sucrose was applied for the time period indicated by a thick bar. After 30 min exposure to hypertonic solution, the muscle was re-exposed to isotonic 50 %-Na solution and then to normal Tyrode solution. Final value of APD was obtained after 50 min perfusion with the latter solution.
before exposure to the hypertonic solution had been nearly doubled by lowering the temperature (Fig. 5 ).
Figure 5 also shows changes in the APD when the temperature of the hypertonic solution was quickly elevated to 36°C after the muscle had been left in this solution for 40 min at 26°C. Two aspects should be noted in this experiment. First, although elevation of temperature produced a rapid shortening of APD, the APD level which was reached even a few min after this temperature elevation was still greater than the control APD at 36°C or the APD level observed during the first osmotic challenge at 36°C. Secondly, a gradual shortening of APD developed after the temperature elevation. Similar observations were made in 4 other experiments in which either NaCI-or sucrose-hypertonic solution was used. It appears that, during hypertonic perfusion, the cellular process responsible for prolongation of APD also develops even at 26°C as at 36°C, but that the process related to the APD shortening begins to develop only after the temperature elevation. In other words, only the latter process may be temperature-sensitive.
Change in the fluid temperature had no appreciable influence on the behaviour of the resting membrane potential and Vma$ of the action potential, in response to hypertonicity.
Effects of hypertonic solution in the presence of some pharmacological substances
The changes in APD due to hypertonicity may be related to alterations in the inward or outward currents that flow during the plateau phase of the action potential. Verapamil and its methoxy-derivative D600 (KOHLHARDT et al., 1972) , or Mn ions (HAGIWARA and NAKAJIMA, 1966) inhibit the slow inward current in cardiac tissue. Ba ions suppress the potassium permeability in this tissue (HERMSMEYER and SPERELAKIS, 1970) . Therefore, we examined the effect of hypertonic solution on the muscles pretreated with verapamil (5-10 /2M), MnCl2 (1-2 mM), or BaCl2 (0.05-0.2 mM). These substances had significant effects on the action potential shape in normal Tyrode solution. However, in the presence or absence of these substances, there was no appreciable difference in the degree and time course of the change in APD produced by hypertonic solutions. This result suggests that the hypertonicity-induced changes in APD are not related to APD is plotted against time. The muscle was first exposed to hypertonic solution at 36°C for 30 min (circles below lower thick bar), and thereafter allowed to recover in isotonic solution for 60 min. Then the fluid temperature was lowered to 26°C, which resulted in a prolongation of APD (first three triangles in upper left), and the second osmotic challenge (upper thick bar) was begun at this temperature. Forty min later (arrow) the temperature of the hypertonic solution was raised to 36°C, and this temperature was maintained for the rest of the experiment. After a total of 62 min of the osmotic challenge, isotonic solution was re-introduced.
Hypertonic solution containing excess 75 mNi NaCI was used. Driving frequency, 0.2 Hz throughout. Changes in fluid temperature were accomplished within 2 min. changes in the slow inward current or to changes in the Ba-sensitive outward current.
Effects of hypertonic solution on slow action potential In K-rich (27 mM-K) Tyrode solution containing 0.2 mM BaCl2, guinea-pig ventricular muscles generate Ca-dependent slow action potentials, the upstroke velocity of which can be regarded as an indirect measure of the inward Ca current (EHARA and INAZAWA, 1980) . Using this procedure, we examined the effect of hypertonicity on Vmax of the slow action potentials (Fig. 6) . When the depolarized muscles were exposed to hypertonic solution for 30-45 min, the duration of the slow action potential gradually increased and reached a maximum within 10-15 min. However, Vmax of the action potential changed with a different time course. In about 50% of the preparations exposed to sucrose-or NaCI-hypertonic solution, Vmax slightly increased within a few min after the onset of the osmotic challenge and remained fairly steady thereafter. In the other preparations, Vmax was not appreciably influenced by hypertonicity (Fig. 6) . In any case, during the first 10-15 min of the osmotic challenge, the progressive increase in APD was not accompanied by any parallel increase in Vmax. Thus, the hypertonicityinduced prolongation of APD does not appear to be due to an enhanced slow Ca current. Vol. 33, No. 2, 1983 The mechanism responsible for the increase in Vmax observed in some preparations was not elucidated. However, change in the resting membrane potential could be a factor, since the hypertonic solution hyperpolarized the membrane by a few mV (Fig. 6) . The hyperpolarization may decrease the degree of steadystate inactivation of the slow channel (cf. CORABOEUF,1980). Since APD was shortened little or only slightly during the later phase of the osmotic challenge, the relationship between the later shortening of APD and Vmax of the slow action potential could not be accurately determined.
DISCUSSION
The effect of hypertonicity on APD in the guinea-pig ventricular muscle was significantly modified by stimulus rate, external ion compositions, and temperature. This observation suggests that the APD change in response to hypertonicity cannot simply be ascribed to the osmotic effects of the hypertonic solution. Under a given experimental condition, the initial APD prolongation decreased whenever the degree of the late APD shortening became prominent, and vice versa (Figs. 1, 4 , and 5). The APD change in hypertonic solution also depends on the degree of hypertonicity (BAILEY, 1981; EHARA and HASEGAWA, 1983) . In this case, however, both the initial prolongation and the late shortening of APD are greater with a higher tonicity. Therefore, the influence of the stimulus rate or other factors on APD differs from the effects of the degrees of hypertonicity on it.
On the other hand, the resting potential and Vmax of the action potential were fairly constant even when the APD was rapidly shortened during the osmotic challenge, such as at reduced [K]o ( Fig. 2A) or at a high stimulus rate (Fig. 1B) . Thus, at least the mechanism of the APD shortening seems to be independent of the factors determining the resting potential and Vmax of the action potential. The latter two parameters may largely be governed by K-and Na-gradient, respectively, under hypertonic as well as isotonic conditions (see EHARA and HASEGAWA, 1983) .
The response of APD to hypertonic solution may be affected by an alteration in either the mechanism for APD prolongation or that for APD shortening, or both. In this respect, it has been suggested that a direct link exists between the initial APD prolongation and the degree of cell dehydration, whereas the late APD shortening is less directly related to it (EHARA and HASEGAWA, 1983) . All these considerations suggest that the late shortening of APD in hypertonic solution reflects a certain change in the cell condition that occurs secondarily to the cell dehydration, and that this secondary process is accelerated or retarded by changes in stimulus rate, external ion compositions, and temperature. It is conceivable that the dehydration-induced changes in the intracellular fluid condition have some influence on the homeostatic function of the cell, since myoplasm may contain various important ions and regulatory substances. According to the above interpretation, the primary response of APD to hypertonicity may be its prolongation, but the rate of development of the secondary APD shortening would have an influence on the apparent degree of APD prolongation. For example, a rapid development of APD shortening would, partially or totally, mask the APD prolongation, even when the process for the latter is equally operative. Thus, the actual degree of APD prolongation may be variable depending on the experimental conditions. Possible mechanisms related to the hypertonicity-induced changes in APD will be given attention.
APD prolongation. APD may be increased by either an increase in the inward currents or a decrease in the outward currents during the plateau phase of the action potential. The prolongation of the slow action potential in response to hypertonicity was not accompanied by any parallel increase in its upstroke velocity (Fig. 6) . Therefore, the APD prolongation may not be due to an increase in the slow inward current. The ineffectiveness of verapamil and Mn ions on the hypertonicity-induced changes in APD supports this view.
Hypertonic solutions may decrease the outward currents. BAILEY (1981) suggested that, under hypertonic conditions, the increase in the K-gradient across the membrane may decrease the total outward current which flows in the potential range of action potential plateau. However, the relationship between [K] , and the outward currents has not been studied. Moreover, the constant field theory (HODGKIN and KATZ, 1949) predicts that K-conductance at potentials close to K-equilibrium potential increases with increase in [K]1. Although decrease in the outward currents may possibly play some role in producing the hypertonicityinduced prolongation of APD, further studies are necessary to clarify the underlying mechanism.
APD shortening. A marked shortening of APD was observed at reduced [K]0, at reduced [Na] o, and at elevated [Ca] o, during hypertonic perfusion (Fig.  4) . This suggests that the APD shortening is related to a certain change in the intracellular ion compositions. The dependence of the APD change on heart rate ( Fig. 1 ) also supports this view, since the muscle activity involves transmembrane and intracellular movements of several ions.
Ca ions may accumulate within the cell during activity when [Ca]0 is high or when [Na] o is low (REUTER and SEITZ,1968) . Changes in [K]0 may affect [Na]i and [Ca] , through the Na/K pump, the activity of which will affect Na-removal directly and Ca-removal indirectly via Na/Ca exchange (REUTER and SEITZ,1968) . Changes in [K]0 may aslo affect the activity of any K-dependent Ca-pump which may be present (MORAD and GOLDMAN, 1973; JONES et al., 1977) . Under hypertonic conditions, the increase in [Na]i due to cell dehydration may promote Ca accumulation via Na/Ca exchange. The accumulated Ca ions are expected to shorten APD in cardiac muscle via their effect on the Ca-activated K-conductance that may be present in this tissue (ISENBERG, 1977; SIEGELBAUM et al., 1977; BASSINGTHWAITE et al., 1976) .
T. EHARA and J. HASEGAWA An accumulation of Na ions also leads to a shortening of APD in cardiac muscle (NIEDERGERKE and ORKAND, 1966; EHARA, 1972) . However, the behaviour of Vmax of the action potential during hypertonic perfusion (Figs. 1 B and 2A ) was inconsistent with a progressive accumulation of Na ions within the cell. PAGE and STORM (1966) also showed that, when cat papillary muscles were exposed to solutions made 1.42 times hypertonic, the cell ion content (Na, K, and Cl) remained all but unchanged for at least 2 hr.
The electrical activity of cardiac muscle strongly depends on the cellular energy production, and metabolic inhibition of this tissue induced by hypoxia or by pharmacological agents results in an increase in the background K currents and a decrease in the slow inward current, which may explain the shortening of APD due to metabolic inhibition (for review, see CARMELIET,1978) . The effect of hypertonicity on myocardial metabolism is unknown. In skeletal muscle, however, hypertonicity elevates consumption of the high-energy phosphates, which gradually leads to decreased levels of these compounds in the cell (DAEMERS-LAMBERT et al., 1966; HOMSHER et al., 1974; RAPOPORT et al., 1982) . Therefore, changes in the metabolic state should also be considered as a possible mechanism for the hypertonicity-induced shortening of APD in cardiac muscle. The finding that the APD shortening developed little at low temperatures (Fig. 5 ) might indicate the dependence of the effect of hypertonicity on the metabolism, since the energy consumption is expected to fall at low temperatures.
